Song is a notable sexual signal of birds, and serves as an honest indicator of male quality. Condition dependence of birdsong has been well examined from the viewpoint of the developmental stress hypothesis, which posits that complex songs assure fitness because learned acoustic features of songs are especially susceptible to early-life stress that young birds experience in song learning periods. The effect of early stress on song phenotypes should be crucial, especially in age-limited song learners which sing stereotyped songs throughout life. However, little attention has been paid to non-learned song features that can change plastically even in adulthood of age-limited song-learners. Although it has been shown that food availability affects song rate in wild songbirds, there is limited evidence of the link between favorable nutritional conditions and song phenotypes other than song rate. Under the prediction that singing behavior reflects an individual ' s recent life history, we kept adult Bengalese finch males under high-nutrition or normal diet for a short term, and examined changes in body mass and songs. We found that birds on a high-nutrition diet showed higher song output (e.g. song rate and length) compared with those of the control group, while changes in body mass were moderate. In addition, note repertoire became more consistent and temporal structures got faster in both nutrition and control groups, which indicates that songs were subject to other factors than nutrition. Considering that female estrildid finches, including Bengalese and zebra finches, show a preference toward complex songs as well as longer songs and higher song rate, it is plausible that different aspects of singing behavior signal different male qualities, and provide multifaceted clues to females that choose mates.
------------------------------------------------------------------------------------------------------------------------
Birdsong is a sexual signal that serves as an indicator of male quality (Catchpole and Slater 2008) . Ever since the nutritional stress hypothesis was proposed (Nowicki et al. 1998) , a number of studies have tried to show that song quality of individuals reflects early life history experiences such as developmental or nutritional stress (reviewed by MacDougall-Shackleton 2011, Buchanan et al. 2013) . Such findings have contributed to our understanding of why the song of oscine males serves as an honest signal in mate choice (Gil and Gahr 2002 ). In close-ended song learners like the well-studied zebra finch (Taeniopygia guttata) and Bengalese finch (Lonchura striata var. domestica), learned acoustic features of songs, such as note type repertoire, crystalize and show little change after the song learning period, and hence are susceptible to early-life stress that affects neural development during this critical period (e.g. Spencer et al. 2003 , Soma et al. 2006 , Holveck et al. 2008 , Zann and Cash 2008 , Brumm et al. 2009 ; reviewed by Riebel 2009 ).
In contrast, recent studies highlighted that temporal aspects of songs show some plasticity in later life even after song crystallization in estrildid finches: Java sparrows (Lonchura oryzivora) and Bengalese finches show age-related increases in song tempo or length (James and Sakata 2014, Ota and Soma 2014) . In addition, song output (i.e. song rate, and amplitude) is subject to adulthood conditions (e.g. food availability, Rashotte et al. 2001 , Johnson and Rashotte 2002 , Lynn et al. 2010 , Ritschard and Brumm 2012 parasite load, Møller 1991) . Hence, we assume that individual differences in both song output (e.g. song rate and length) and vocal performance (e.g. tempo) should be variable to some degree, reflecting more recent life history, mediated by current physical conditions. This notion is indirectly supported by previous findings that showed an association between body size and song output or vocal performance in several estrildid finches (Soma et al. 2006 , Kagawa and Soma 2013 , but also see Brumm 2009 , Van Hout et al. 2012 .
In general, physical condition responds sensitively to food availability and energy expenditure, which is a factor that affects singing in songbirds (cf. Van Hout et al. 2012) . In wild populations of insectivorous songbirds that are expected to live in energetically challenging conditions, supplemental feeding increased body mass and song rate (e.g. Reid 1987 , Alatalo et al. 1990 , Cuthill and Macdonald 1990 , Cucco & Malacarne 1997 , Berg et al. 2005 , Barnett and Briskie 2007 , while unpredictable feeding schedules negatively affected singing activity (Thomas 1999 , see also Lucas et al. 1999 . In a domesticated songbird, restricted food access had a negative effect on song rate and amplitude (Ritschard and Brumm 2012) .
The question yet to be answered is whether song output and vocal performance improves even when captive and domesticated well-fed birds experience better nutritional conditions and gain weight in adulthood. To our knowledge, this has not been tested because domesticated birds are thought to live close to the upper limit of energy intake with abundant food. However, this question concerns song plasticity, and is of particular importance when trying to answer how much individuals can potentially compensate for the deficits caused by early stress by later favorable conditions (Metcalfe and Monaghan 2001) . To test this, we kept adult Bengalese finch males under high-nutrition or normal diet for a short term, and examined the changes in body mass and singing.
Methods
We used a total of 19 adult male Bengalese finches, which were from a laboratory population (n = 3, 1.3 year-old siblings without breeding experience) or purchased from local pet suppliers (n = 16, unknown age and breeding experience). Usually, Bengalese finches are fully sexually mature and have crystallized song when they are > 0.5 years old. They were assigned to either a nutrition (n = 10) or a control group (n = 9) pseudo-randomly to balance body weights between the two groups. As a result body weight was not significantly different between the two groups (t-test: t = 0.12, p = 0.90, see also Fig. 2i ) before the experiment. The subjects were kept under control/nutrition food treatment for 40 days. This experimental period was set based on a field observations of the wild strain, white-rumped munias Lonhura striata, whose breeding seasonality is determined by rice cultivation; birds opportunistically eat protein-rich algae for 1-2 months during the pre-breeding period (Avery 1980).
In the control group, birds were fed with standard maintenance food that contained finch seed mixture (6:3:1 mix of Japanese millet, foxtail millet, and millet), shell grit, and dried green vegetable food, while experimental group birds were additionally supplied with a high nutrition diet that is usually given to breeding pairs (1:1:1 mix of rice, canary seed, and hand-made egg yolk-coated millet). Specifically, the egg yolk-coated millet was crumbed with a mixture of salt, TetraMin (Tetra, Germany; tropical fish food), dried crucian powder, honey, powdered milk, and soy bean flour, based on the recipe of Bengalese finch breeders (Supplementary Table S1 ). As Bengalese finches have a highly gregarious nature (Goodwin 1982), we did not cage them individually in order not to induce isolation stress. To minimize competition for food during the experimental period, we kept four or five individuals of the same experimental group in each cage (34 × 34 × 39 cm), equipped with a water bowl and a greater number of bigger food bowls than before the experiment started. Specifically, three semicircular bowls (dia. 11 × 5 cm) contained the above food, which allowed all cage mates to forage simultaneously. Subject birds had ad libitum food access, all food was replenished on a daily basis well before each food cup became empty.
To confirm that above menu in the nutrition group was nourishing, nutritional ingredients of their diet were estimated based on the proportion of intake (i.e. pecking times for each food), the nutrition facts of each product, and the Japanese Standard of Dietic Information (Supplementary Table S1 , 2). Shell grit was not included in this dietary analysis because we could not obtain its exact nutritional value but assumed that shell grit is mostly composed of calcium carbonate that is independent of the ingredients examined in Table S2 .
Before and after the experimental period, subjects were weighed using a digital balance, and then introduced individually to a small cage (15×20×30 cm) placed in a sound-attenuated box to record songs. Songs were recorded with a digital audio recorder (Marantz, PMD661) for 24 hours running from17:00 to 17:00 the next day, though birds showed no activity during the dark period (20:00-8:00). From the recording, we took the following song output variables (a-c): song rate measured as total number of songs sung during recording; and song length measured as duration of each song bout (sec) and total number of notes included in each song. We also measured vocal performance (d-f): tempo measured as the number of notes per song bout (/sec); and durations of all song notes (sec) and note-to-note intervals (sec) included in songs. Additionally, we measured two aspects of song complexity (g, h): total note repertoire that each bird had, and note repertoire consistency, for comparing them with the above song measures. Songs of the Bengalese finch include around 20 to several hundreds of notes in total that are a repetition of about 6-11 note types (cf. Soma et al. 2009 ). Therefore, total note repertoire that each bird has is independent of the total number of notes, measured as an index of song length. Note repertoire consistency was the proportion of note repertoire sung in each song to the total note repertoire that each subject had. Although Bengalese finches are known to sing stereotyped songs with the same set of note types, they can sometimes fail to include the entire note repertoire in a song, and may miss one or two note types.
Because we expected increases in song measurements and body weight after the experimental period particularly in the nutrition group, we focused on the effects of the interaction between the experimental group (control/nutrition) and period (before/after). In particular, we entered the effects of the experimental group, experimental period and their interaction as explanatory variables in the models described below, and examined if their coefficients were statistically significantly different from 0. All statistical tests were two-tailed and α was set to 0.05. We adopted a GLMM with a Poisson distribution for the analysis of song rate and total number of notes, and total note repertoire, and a LME model for the analysis of the rest of the variables. In all these models, we considered subject identity and cage identity as nested random effects to deal with non-independence of the data from the same individual or from the same cage environment.
We used Avisoft SAS Lab pro for acoustic analyses, and R 3.1.3 for statistical analyses.
Results

(a) Nutritional ingredients
The diet of the nutrition group contained a higher amount of protein, fat, and Vitamin D, E, and B1, but not carbohydrate, phosphorus or Vitamin A (Supplementary Table S2 , Fig. 1 ). Calorific content was slightly, but statistically significantly higher, for the diet of the nutrition group (Supplementary Table S2 , Fig. 1 ).
(b) Body mass changes after the experimental period Change in body mass was not statistically significant in both control and nutrition groups (Table 1i ), but a marginally significant effect of the interaction (p = 0.077) indicates that birds in the nutrition group tended to gain more body mass (Fig. 2i) .
(c) Song changes after the experimental period Song output Song rate and total number of notes per song increased significantly after the experimental period, and the significant interactions between the experimental period and group indicate that those in the nutrition group increased more than the control group (Table 1a , c, Fig. 2a, c) . Although there were no statistically significant changes in song duration between before and after the experimental period, a significant interaction between the experimental period and and group means that song duration increased only in the nutrition group (Table 1b , Fig. 2b ).
Vocal performance
Tempo increased significantly after the experimental period, but a significant negative interaction between the experimental period and group indicates that the increase was larger for birds in the control group (Table 1d , Fig. 2d ). This was related to the differences in tempo that already existed between control and nutrition groups before the experiment (Fig. 2d) . As tempo increased proportionally in both groups, the changes were larger for control group that had higher tempo. To confirm this, we repeated the above analysis using the data on % changes in tempo and found that the experimental period but not the interaction had significant effect (experimental period: p < 0.015, interaction: p = 0.154). Such change in tempo was partially consistent with the other two temporal parameters, note duration and note-to-note interval, as they became shorter after the experimental period regardless of experimental group (Table 1e , f, Fig. 2e , f).
Song complexity
As expected, total note repertoire, a learned song trait, did not change after the experimental period in both control and nutrition groups (Table 1h , Fig. 2g ). However, note repertoire consistency became higher after the experimental period irrespective of experimental group (Table 1i) , which indicates that the birds after the experiment tended to sing songs with their full note repertoire.
Discussion
We show that nutritional conditions experienced in adulthood influence singing behaviors. Song rate and length increased in the nutrition group after food treatment, which indicates that dietary nutritional during the experiment played a role. In addition, note repertoire became more consistent and temporal structures got faster in the nutrition and control groups, which was possibly caused by enhanced food availability during the experiment, or any other unlooked factors. Overall, these results support the idea that songs serve as a condition dependent sexual signal, which conforms to the predictions of the developmental stress hypothesis (Nowicki et al. 1998 ), but extends its scope from early to whole life history. In particular, while it has been shown that early stress leaves irreversible deficits on neural development that reflect into learned song phenotypes (reviewed by MacDougall-Shackleton 2011, Buchanan et al. 2013) , it is clear from our results that favorable conditions in later life also affect non-learned song traits to some degree. This means that songs signal both past and present conditions, and provide multifaceted clues to females that choose mates. Estrildid females are reported to show a preference toward complex songs, as well as longer songs and a higher song rate (e.g. Clayton and Pröve 1989 , Collins et al. 1994 , Neubauer 1999 , Morisaka et al. 2008 , Riebel 2009 , Soma and Okanoya 2013 , while Bengalese finch females can be heterogeneous in preference for song complexity, with some preferring variable songs and others preferring stereotypic directed songs (Morisaka et al. 2008 , Dunning et al. 2014 , also see Kato et al. 2010) . Considering that the songs were undirected in this study, it is possible that higher song output (song rate and length) might be beneficial for males as it could increase their chances of being heard by females, or improve their vocal performance through motor training. Observed changes in vocal performance (i.e. faster songs after the experiment) could be an outcome of such motor training, but it cannot explain why both nutrition and control groups showed similar increase in vocal performance.
Our result is in accord with previous studies on animals from various taxonomic groups, that have shown that nutritional enrichment is responsible for up-regulated expression of sexual traits, such as ornamental feather color in the house finch Carpodacus mexicanus (Hill 2000) , courtship intensity in wolf spiders Pardosa prativaga (Lomborg and Toft 2009), and chemical signals in Iberian rock lizards Lacerta monticola (Martín and López 2006) . Moreover, experimentally increased food availability contributes to song rate in wild songbirds (Reid 1987 , Alatalo et al. 1990 , Cuthill and Macdonald 1990 , Cucco & Malacarne 1997 , Berg et al. 2005 , Barnett and Briskie 2007 . Considering that changes in song rate and length were marked in the nutrition group in our study, not only food availability but also nutritional ingredients could be factors that affect singing behavior. However, there is little evidence on how particular nutritional components affect birdsong except for a correlational study (Van Hout et al. 2012) , and an experimental study of the European starling (Sturnus vulgaris), in which administration of an antioxidant (i.e. lutein) increased song rate (Casagrande et al. 2014) . The finding in the European starling, and our finding, are in accord on the positive nutritional effect on song rate, while the diet in our study was rich not only with antioxidants (i.e. vitamin E), but also with calories, protein and fat (Fig. 1) , which was intended to simulate diet changes during breeding (Ankney and Scott 1980, Avery 1980) . The nutritional boosting effect on songs has not only been observed in wild-caught birds (Casagrande et al. 2014) , but also in the captive domesticated strain (our study), even though the latter is assumed to be well fed. This means that singing behavior has a greater potential plasticity than we can usually observe.
Overall, our results highlighted the condition-dependence of birdsong. Together with past research on the developmental stress hypothesis, we assume that songbirds with a poor start can compensate to some degree with regard to the intensity of their singing performance. Even though this study is based on captive domesticated birds that may not have experienced starvation, parent-offspring conflict and sibling competition is a plausible causal factor for a poor start in early life in the wild and captivity. Because of the trade-off between current and future reproduction, parental provisioning may not fulfill the need of offspring (Trivers 1974) , which should cause food competition among siblings (cf. Soma et al. 2007 ). As compensation growth often accompanies various costs (Metcalfe and Monaghan 2001) , it is likely that early developmental stress on song traits would not be fully compensated. Future studies should address singing behaviors expressed as the interaction between past and present conditions. Table S1 . Ingredients of hand-made egg yolk-coated millet fed to the nutrition group.
Amount % Husked millet 800 g 83.9
Egg yolk 4 72 g 7.5
Salt 1 teaspoon 6 g 0.6
TetraMin 3 teaspoons 5 g 0.5
Dried crucian powder 9 teaspoons 15 g 1.6
Honey 20 cc 28 g 2.9
Powdered milk 9 teaspoons 15 g 1.6
Soy bean flower 2 teaspoons 2.2 g 0. 2   Table S2 . (a) Dietary composition was estimated based on pecking times for each food menu (i.e. seed mix, dry vegetable, canary seed, egg yolk-coated millet, and rice) during a one hour observation of foraging behavior of each subject bird in the experimental group. Specifically, on the middle day of food treatment, each bird was individually introduced into a cage equipped with five food cups containing each of the above five food menus after one hour food deprivation, and the number of pecking times at each food cup was counted through video recording. The percentages given in (a) show the proportion of pecking counts to each food / total pecking counts. (b) Nutritional intake was then calculated for either when they consumed 100 g of normal food (1) only, or when they consumed 100 g of normal and extra nutrition food (1)+(2), at the proportions shown in (a). For instance, calorie intake of (1)+(2) for bird BF0007 was estimated on 60.6 g seed mix,
2.4 g dry vegetable, 12.4 g canary seed, 13.5 g coated millet and 13.5 g rice, which was compared with calorie intake from the same amount of (1) that was supposedly composed of 96.2 g seed mix and 3.8 g dry vegetable (60.6 : 2.4 = 96.2% : 3.8%). Nutritional ingredients were taken from nutrition facts of each product or the Japanese Standard of Dietic Information. A Wilcoxon signed-rank test was conducted to examine if each nutritional ingredient intake was higher for (1)+(2) compared with (1) only. 
(1)+(2)
(1)+ (2) (1)
(1)+(2) BF0007 60.6% 2.4% 12.4% 13.5% 13.5% 
